Physical and dynamic aspects of the electroencephalogram (EEG) were evaluated in
Introduction
Prima vista electroencephalogram (EEG) traces from schizophrenics cannot be discriminated from those of healthy controls. Nevertheless there has been a continuous effort to discover and specify electrocortical substrates for cognitive, emotional, and behavioral abnormalities in schizophrenic patients on the basis of spontaneous EEG records as well as of evoked potentials. As EEG aspects can indicate cognitive and behavioral processes, it seemed straightforward to search for psychopathological indicators. Common findings in schizophrenic patients (as compared to controls) were increased occurrence of abnormal EEG patterns, less alpha and more slow activities, shifts in the center frequency in the alpha band to lower, in the beta band to higher center frequency, less amplitude but more frequency variability, etc. (for summaries see Itil 1997; Shagass 1976; Shagass et al 1982 Shagass et al , 1984 Zahn 1986 ). When hemispheric specificities were analyzed more closely, the balance between left and right hemispheres in the power and c~ntroid of various EEG bands were reported to differ between schizophrenic patients and controls (see Flor-Henry 1988; Koukkou and Manske 1986; Koukkou et al 1991; Michelogiannis et al 1991) . Finally, computerized analyses of multichannel recordings have become available and differences in the scalp topography between schizophrenics and controls have been subsequently reported for spontaneous (e.g., John 1973) as well as evoked activity (Maurer T. Elbert et al -, and Diercks 1987). Although new information seemed to be added with every new method and although some specification of EEG patterns for subgroups of patients or relationships between those quantitative EEG measures and diagnostic criteria were reported (e.g., Shagass et al 1982 Shagass et al , 1984 , it was still repeatedly mentioned that results, though reliable, were not specific enough to specifically elucidate schizophrenic psychopathology, or that differences were only statistical in nature, meaning that even the most deviant behavior observed in schizophrenics may, at times, also be observed in an absolutely unremarkable subject. As pointed out by Hjorth (1986) , traditional EEG parameters as derived, for example, from power spectrum analysis, do not allow the description of basic rules that characterize the dynamics of the observed EEG potential, that is, the potential changes over time or the set of rules governing the system's state at a given time. More recently, progress in nonlinear-systems theory has introduced new technologies into computerized EEG analyses (reviewed by Pritchard and Duke in press a,b) . Over the last decade a new way of understanding the growth of complexity in nature has arisen from physics and biology. Where fonnerly an erratically behaving variable could be described as random or stochastic, we can now detect patterns and laws, still complex, but much simpler than previously considered. The solution to the enigma created by the linear approximation of the world is nonlinear dynamics, often referred to as chaos or deterministic chaos.
The present paper describes an approach to evaluate measures of the dynamic features of the EEG and compare them with conventional results of EEG power spectra analyses. The nonlinear measure of dimensional complexity should provide insight into EEG dynamics by indicating the number of variables that determine the system's state. In addition, two measures proposed by Hjorth (1986) to describe physical aspects of the EEG trace, complexity, that is, sinusoidality or regularity of the EEG waveshape, and mobility corresponding to the center frequency, were examined. Because these measures have not been applied very often in psychiatric research, it seems necessary to briefly summarize these measures in the following paragraph. It seemed worthwhile to consider nonlinear measures of the EEG such as the dimensional complexity in schizophrenic patients, because such measures might serve as indicators of specific brain functioning in schizophrenia and might in particular elucidate dynamic characteristics of the schizophrenic brain. The EEG was recorded under resting conditions, because it may be assumed that different brain regions are governed by the same dynamic processes if they are not activated by particular tasks and, hence, individual patterns might become prominent. Hjorth's (1986) measures are related to the physical appearance of the EEG waveform: complexity is defined as the average "sharpness" of the tracing that can be regarded as a measure of frequency spread of sinusoidal waves; a pure sine wave yields zero complexity. Mobility expresses the mean Cnns) slope of the EEG as mean (rms) amplitude per unit of time and is equivalent to the mean (nus) frequency of the power spectrum.
Methodological Background
The algorithms provided by nonlinear systems theory to transform dynamic features into a static picture can be viewed as another mathematical transformation. One of the concepts to describe a dynamic system is that of an idealized space, the state space. A point in the state space characterizes the system at any given moment in time. The exact location of a swinging pendulum at one instant, for example, does not completely characterize its current state. We also need to know its past, for instance, its velocity. A point in the state space consisting of two dimensions "position" and "velocity," however, completely describes the current state. By tracing the trajectory of a given system in its state space, the characteristics of a dynamic system are transformed into a static picture. If the system is left unperturbed, its trajectories will be attracted to a subset of points, which is commonly referred to as an attractor. One measure that characterizes an attractor is its dimension. (For example, a pendulum will eventually stop swinging due to friction. In state space it will spiral towards the origin, where the velocity will be zero and the location constant, leading to a point attractor that has zero dimension.) The methods implemented to estimate the dimension (such as the pointwise) do not give the dimension with absolute accuracy. Therefore, it has been referred to as dimensional complexity as structures with higher dimensions are generally viewed as being more complex (see Pritchard and Duke in press a,b) . Thus, dimensional complexity refers to the description of the geometrical structure of an attractor or the number of independent entities that determine the system's state at any given point in time. The dimension of the state space corresponds to the number of differential equations of the system, whereas the dimensionality of the attractor is defined as the section of the state space that is occupied by the trajectories or data points after the transitory phase (for tutorial reviews see Pritchard and Duke in press a,b) .
Dimensional analysis has been applied to the EEG beginning in the mid-1980s. Lower dimensions have been found in the relaxed state, particularly when the eyes were closed (e.g., Dvorak et a1 1986, Oraf and Elbert 1989; Layne et al 1986; Rapp et al 1985 Rapp et al , 1989 ), whereas dimensional complexity increases when subjects are given a mental task to perform (Dvorak et al 1980; Nan and Jinghua 1988; Rapp et al 1989; Ray et a11991; Lutzenberger et al 1992) . Other findings include a lowering of dimension during epileptic seizures (Pijn et al 1991) , stage 2 sleep, stage 4 sleep and anesthesia, but not rapid eye movement (REM) sleep relative to waking EEG (Babloyantz et a11985; Watt and Hameroff 1987) . Comparing the results from dimensionality analysis with those from traditional Fourier analyses on a variety of mental tasks, it could be shown that conventional measures based on power spectra extract only limited information from the EEG (Lutzenberger et al 1992).
Methods

Subjects
EEG recordings were obtained from 12 patients with a schizophrenic disorder according to DSM-III-R (eight men, four women, mean age 26.8 ± 1.3 yrs) and 12 control subjects (7 men, 5 women, mean age 28.4 ± 1.5 yrs),l Inpatients were under neuroleptic medication with a mean of 385.5 ± 61.4 mg CPZ-equivalent (range 130-813 mg). Two scores describing negative symptoms, "affective flattening" and "cognitive impairment," were based on a principal components analysis (PCA) of all ratings from the Brief Psychiatric Rating Scale (BPRS) (Lukoff et al 1986) , the Scale for the Assessment of Negative Symptoms (SANS) (Andreasen 1981) , the Positive and Negative Syndrome Scale (PANSS) (Kay et al 1987) , and the Psychological Impairment Rating Schedule 'Data from two control subjects were rejected, from one subject because of obvious skin potential contamination, and from another subject because of persistent large eye movements.
(PIRS) related to negative symptoms of 102 schizophrenic patients from which our subjects were a subsample. It was assured that control subjects were not under psychopharmacological me9ication.
Physiological Recordings
The EEG was recorded while subjects were sitting quietly and relaxed in a reclining chair without any particular task. During half of the recording epochs subjects were asked to keep their eyes open but to avoid blinks and eye movements, the other half of the recording epochs were registered with eyes closed. The entire recording lasted for about 4-5 min.
The EEG was recorded from frontal (Fz), central (Cz), and parietal (Pz), leads referenced to linked mastoids. Chlorided Grass silver-cup electrodes were affixed with Grass EC2 electrode cream as a conducting agent. The vertical e1ectrooculogram (EOG) was monitored for ocular artifacts. Beckman silver-silverchloride electrodes were affixed about 1 cm above and below the left eye. Grass EC2 electrode cream served as the conducting agent. A single ground electrode was attached to the forehead. The skin below each electrode was prepared by cleansing with alcohol. Twelve epochs of 25-sec each, six with eyes open and six with eyes closed, were recorded.
Apparatus
EEG signals were acquired using an HP 1000 computer; a Van Gogh 50,000 electroencephalograph was used for the amplification, analog filtering, and display of EEG and EOG data. All channels were amplified with a bandwidth from 0.016 Hz to 15 Hz and sampled at a rate of 100 per sec. The high pass frequency cutoff was subsequently raised by digital filtering to 0.5 Hz. Data was transferred to a DEC VAX-station 2000 for subsequent analysis.
Data Reduction and Analysis
For every subject four EEG epochs of each condition (eyes open, eyes closed) free of large saccadic eye movements were selected. The contamination through eye blinks and small saccades was reduced by subtracting a constant fraction of the EOG from each of the EEG channels. The transmission coefficients were determined as regressions for each of the EEG channels on the EOG channel during epochs when eye movements were present. The median of these epochs was chosen as the coefficient. Such a procedure generally leaves less than 3 tJ-V of blink-related activity remaining in the EEG channels (Berg 1986 ). The length of each of the EEG-traces was 2500 points.
The following measures were calculated for every EEG trace for each of the 24 subjects:
1. A measure of EEG alpha was obtained as the average log power in the range from 8-12 Hz. The power spectrum was calculated by averaging the Fourier transforms of 15 overlapping 2-sec segments (256 points), using Parzen windows on the 2-sec segments. 2. As a measure for the activity in the slow frequency band, the average log power from 1-7 Hz was determined.
3. Mobility, according to Hjorth, expresses the mean slope of the EEG tracing and corresponds to the mean frequency of the EEG power spectrum. The time unit is calibrated such that the mobility will express the frequency of a pure sine wave in Hz; when the tracing is not a pure sine wave it expresses the mean (rms) frequency of the power spectrum.
4. EEG Hjorth complexity is described by Hjorth (1975) as a measure of frequency spread or average "sharpness" of the tracing; a pure sine wave, for instance, yields zero complexity. Thus, more deviancy from a stationary sine wave will produce higher values of the Hjorth complexity measure. (For the mathematical implementation see Hjorth 1975 Hjorth , 1986 .
5. Dimensional complexity of the EEG describes the fractal dimension of the presumed attractor of the EEG-generating system. Assuming such an attractor, it can be reconstructed from the EEG time series (in the present study, for instance, 2500 data points per single trace). The first step for this reconstruction is a singular-value decomposition based on the autocovariance function (or autocorrelation function that, based on the subsequent nonnalization, yields the same results).
Analogous to the way a Fourier transformation can separate a signal into components with common properties, a singular value decomposition (or principal component analysis, peA) can be used to separate certain properties of the time series into orthogonal components. These properties are selected, for instance, in the usual peA with event-related potentials by generating a covariance or correlation matrix across conditions or recordings.
In the present study we were interested in the time-varying properties of the EEG trace. Therefore, the matrix was generated as an autocovariation function that was created by computing the covariance of the EEG trace with time-shifted copies of the same signal (step 1 in Figure 1 ). Time shifts were varied from 0 to 32 points, generating a symmetrical 32 x 32 matrix with the covariances as elements. (The first row was the autocovariation function itself, in the second row, elements were shifted by one column to the right, in the third row by two columns etc., so that the diagonal element was always the covariance with time lag zero.) The singular value decomposition (step 2 in Figure 1 ) generates 32 components that can be considered as dimensions of the state space; they include the signal and the noise. We assume that the variance due to the noise is lower than that due to the EEG signal. In order to separate noise as well as activity with little variance from the signal a cutoff criteria was chosen so that only eigenvectors were selected with eigenvalues larger than twice the smallest of all 32 eigenvalues. (This criterion has two advantages: it is independent of the particular gains used and it is easily reproducible among different laboratories. An alternative would be to choose a defined fraction of the largest eigenvalue or a criterion related to the total variance. The largest eigenvalue and consequently the total variance, however, may be sometimes completely dominated by very slow frequency waves. Then, such criteria would cut off faster than regular waves.) A subset of the eigenvectors was used to reconstruct the state space, the extracted eigenvectors defining the dimensionality of the space state (steps 3 and 4 in Figure 1 ).
In the next step the subset of the space state occupied by the attractor was determined using the method of "pointwise dimension" as proposed by Farmer et al (1983) . Each point in the time series of the EEG can be placed in the multidimensional space (step 4 in Figure 1 ). Starting with a distinct reference point of the EEG time series, the number of points N(r), which lie in a hypercube with radius r around this chosen point is counted. This counting is performed for subsequently larger radii until ultimately all points of the time series lie within this hypercube. (For a single-point attractor, the number of data points around the reference point (hypercube with radius r) will be 0; if the attractor is a one-dimensional line, the number of points will increase with rI, for a two-dimensional Figure 1 . Schematic description of the procedure to estimate the dimensional complexity: The autocorrelation function is computed from the time series (1) and then decomposed into its principal components (2). For each point a linear sum of these factors is fitted to the time series (3). The corresponding weights determine a point in the state space (4). Moving along the time series, a trajectory is created. The dimension of this assembly of trajectories is estimated as dimensional complexity [also called "fractal dimension," (5)] A detailed description is provided in the text. attraction, a plane, the number will increase with r, etc. Generally, the number of counted points will increase with t!, with "d" denoting the "fractal dimension" of the attractor or "fractal complexity" of the EEG.
for nine values only. If again the highest of these has the largest distance from the straight line, it is omitted from the next calculation. The process is repeated until the highest point no longer has the largest distance from the estimated straight line.). Typically, this procedure results in an estimate obtained from the five to seven lowest radii for the slope. After a slope has been determined for each of the reference points, the median of the slope values is taken as the measure of dimensional complexity.
These measures were averaged across the four selected EEG traces and then submitted to an analysis of variance with the between-subjects factor group (schizophrenic patients vs. control subjects) and the within-subject factors electrode (Fz vs. Cz vs. pz) and condition (eyes open vs. eyes closed). P-values were obtained after adjustment of the degrees of freedom with the Greenhouse-Geisser E. Means ± SEM are presented. Associations with medication or clinical symptomatology were evaluated by regressional analyses.
Results
1. Parameters of the EEG-power spectra: For EEG-alpha the well-known topographical distribution (posterior predominance: electrode F(2,44) = 9.6, p < 0.01) and effect of the eyes-closed condition [F(l,22) = 12.4, P < 0.01] were clearly visible and did not differ between groups.
2. Analysis of the EEG activity in the slow frequency band (1-7 Hz) uncovered a main effect electrode (with the highest amplitudes over the vertex: F(2,44) = 10.3, p < 0.01) and a main effect groups (with more pronounced activity in schizophrenics than in controls: F(1 ,22) = 15.1, P < 0.01). Slow EEG activity was not related to either medication or symptomatology scores (affective flattening and cognitive impairment).
3. Mobility was enhanced under eyes-closed conditions compared to eyes open [F(1,22) = 5.0, p < 0.05]. In controls this frequency was highest at the pz electrode (particularly under the eyes-closed condition) which can be related to the appearance of alpha waves. The enhancement of alpha waves is also reflected in a significant main effect of electrode [F (2,44) = 11.2, p < 0.0 I]. Reduced frequency of alpha waves in patients was not sufficiently pronounced to produce a significant interaction of electrode X groups [F(2,44) = 2.8, P < 0.1]. In patients the frequency of alpha waves in the frontal EEG were more pronounced with increasing scores of affective flattening (r = 0.59, p < 0.05].
4. Hjorth complexity was smaller under "eyes closed" than under "eyes open" conditions [F(l,22) = 7.1, P < 0.05]. This was to be expected as more alpha waves will enhance the sinusoidality of the EEG waves. A trend for the interaction of electrode X group [F(2,44) = 2.7, p = 0.1] with a significant difference between groups for the fronto-central gradient (parietal electrode omitted, F(l,22) = 11.6, p < 0.01) indicates that the sinusoidality of EEG waves recorded at the frontal and at the central site was about equal in controls, whereas in schizophrenic subjects, resemblance to sine waves was higher in the frontal EEG than over central areas (see Figure 2 top ).
5. The dimensional complexity shows a very pronounced difference between groups in the topographical pattern: this measure generally gives larger values at the frontal than at the central sites in schizophrenic patients, whereas the reverse fronto-central gradient is exhibited by control subjects (group X electrode, F(2,44) . § 5 a. (these eight patients are also outside the mean ± 2 SD; the mean is -0.24 ± 0.20). The difference did not correlate with age, or-in the patient group-with medication, affective flattening, or cognitive impairment.
Discussion
In the present study, analysis of the EEG power spectra confirmed the common finding of increased activity in the slow-frequency range in schizophrenic patients (Zahn 1986; Itil 1976) . Furthermore, examination of the dynamic features of the spontaneous EEG provided information additional to or even not available from traditional measures of EEG analyses. In particular, the scalp distribution or fronto-central gradient for Hjorth complexity and dimensional complexity were different in schizophrenic patients compared to patterns found in control subjects. Most schizophrenic patients exhibited higher frontal than central dimensional complexity values with two-thirds of the sample having values outside the range of the control group, half of the patients more than 3 SD above the Ocontrol subjects Xschizophrenic patients
Ocontrol subjects Xschizophrenic patients mean of controls. (It is known that dimensionality is systematically underestimated. Therefore, the relationship of dimensional complexity between groups or conditions or recording sites is crucial rather than the particular value; Smith 1988). If we assume that during rest the different brain regions are governed by the same dynamic processes, we may conclude that the dynamics of processing in the brain regions projecting to the frontal and central recording sites are different for most of the patients. It is well-known that the frontal recording not only picks up electrical activity generated in the frontal lobe, but also in the temporal lobes (e.g., supratemporal plane), which is volume-conducted to the Fz electrode. Therefore, we cannot conclude from the present measurements whether and to what extent the pattern of complexity in the patient group could be related to frontal and/or temporal deviances. In any case, the higher dimensional complexity values could be interpreted to indicate increased degrees of freedom of brain processes or a more complex dynamic in the respective areas in schizophrenic patients. Thus, even at rest, this group displays different attractors for brain electrical activity at one time. This pattern of fronto-central differences in dimensional complexity in schizophrenics as compared to controls seems to be of particular interest. Currently, we are aware of only three other group studies that reported topographical differences of phasespace attractors. Two investigations by Pritchard and colleagues (Pritchard et al 1991) and one from our group (Lutzenberger et a11992) confirm fractal dimension of the EEGattractor, if at all different, to be lower at frontal than over central sites. Thus, the results for the control group are in line with previous findings. Data that we have collected from two alcoholics during withdrawal also demonstrated patterns in this normal range. Pritchard and coworkers did not report an unusual fronto-central gradient for elderly or demented (probably Alzheimer's) patients. The data base so far is certainly too limited to conclude that the finding of a higher frontal than central dimensional complexity indicates a specific characteristic in schizophrenic patients. The failure to uncover distinct patterns in alcoholic and demented patients may point to such a specificity, which, however, awaits further validation. If we compare this result with the repeatedly reported increased activity of slow EEG frequencies in schizophrenics, the fact that additional information is provided by the dimensional complexity measure becomes obvious. Although both results are statistically significant, the increase in the slow-frequency band has no topographical specificity and the overlap in the range of single-subject values between the patients and the control subjects is considerable.
A fronto-central difference was also depicted by the Hjorth complexity measure, suggesting more regularity in the appearance of brain waves over frontal areas in patients than in controls. Although it is possible to detect such a difference by visually examining the EEG traces, one would not easily predict that the higher regularity in the physical appearance of EEG-traces could indicate a more complex dynamic as expressed by the measure based on the attractor property. This fionto-centrally positive gradient of the fractal dimensionality of the EEG-attractor in schizophrenics indicates more intricacy of the brain dynamics (but not necessarily of the brain waves) over frontal than central areas.
None of the dynamic measures correlated with the neuroleptic dosage. (However, Itil 1977 also reported no effect of medication on alpha activity in patients.) Although the absence of correlation between dosage of medication and measures of EEG activity cannot be taken as a proof of the absence of drug effects, it is tempting to speculate that the presently observed patterns of complexity measures in patients cannot easily be attributed to effects of medication but adhere to the psychotic processes. However, this speculation must be substantiated by future comparisons of, example given, medicated and unmedicated patients. To our surprise, the distinctive EEG patterns in schizophrenic patients were also not related to the measures of symptomatology, affective flattening and cognitive impairment. It may, however, well be that these measures do not map abnormalities in the frontal andlor temporal brain dynamics in a comparable manner.
Although the present results are certainly preliminary, in particular because a new methodology was applied to EEG analysis in schizophrenics, their clarity encourage further investigation of the complexity of electrocortical responses in schizophrenics.
Two views of the cerebral cortex have a longstanding tradition. In one view the structural diversity of different areas and the bulk of connections being short in range divides the cortex into various subsystems. In an alternative view, statistical similarities, like the density of synapses, dendrites, and the existence of long-range connectivity and plasticity can be considered evidence for the system operating as a whole (Braitenberg 1986) . As so often the solution to this problem seems to be dialectic in nature: there is some truth in both views, and like an electron, appearing one time as a wave, another time behaving like a particle, we may observe the cortex functioning as a whole system at one time, or separating into subsystems, according to different experimental conditions. This hypothesis receives support from the data reported by Lutzenberger et al (1992) : although resting conditions or imagery of pleasant scenes yielded the same dimensional complexities at every electrode site, specific sensory tasks produced distinct patterns with different attractor dimensions across the scalp. When such differences are observed, we have reason to assume that the underlying dynamics must differ, thus arising from different systems at play at a time. The presently observed fronto-central gradients in patients classified as suffering from schizophrenia suggest that the frontal and the central dynamics
